Drosophila nemo was ®rst identi®ed as a gene required for tissue polarity during ommatidial development. We have extended the analysis of nemo and found that it participates in multiple developmental processes. It is required during wing development for wing shape and vein patterning. We observe genetic interactions between nemo and mutations in the Notch, Wingless, Frizzled and Decapentaplegic pathways. Our data support the ®ndings from other organisms that Nemo proteins act as negative regulators of Wingless signaling. nemo mutations cause polarity defects in the adult wing and overexpression of nemo leads to abdominal polarity defects. The expression of nemo during embryogenesis is dynamic and dsRNA inhibition and ectopic expression studies indicate that nemo is essential during embryogenesis. q
Introduction
The development of multicellular organisms requires carefully regulated cell-cell communication mediated by numerous signal transduction pathways. Wnt signaling is conserved from worms to humans and plays major roles during development (reviewed in Gumbiner, 1998; Cadigan and Nusse, 1997) . Most organisms contain several Wnt genes and these can initiate numerous different intracellular responses. Genetic studies in Drosophila, C. elegans and mice have demonstrated roles for Wnt molecules in embryonic patterning, generation of cell polarity, CNS patterning and cell adhesion. In addition, deregulation of a number of pathway components is directly implicated in numerous cancers (Polakis, 1999) . Currently in Drosophila four Wnt homologues have been described, the best characterized being Wingless (Wg) (Flybase) .
Molecules participating in Wnt pathways have evolved to carry out numerous roles at different stages of development and in different tissues. Several components of the Drosophila Wg pathway are involved in cellular processes such as establishment of epithelial planar polarity (EPP) and cell adhesion, in addition to the canonical signaling pathway leading to gene expression. Drosophila EPP signaling is mediated by the Frizzled (Fz) receptor and is speculated to be activated by a Wnt-like molecule. This pathway signals through Dishevelled (Dsh), RhoA and JNK (Jun N-terminal kinase), a member of the mitogen activated protein kinase (MAPK) family (Mlodzik, 1999; Shulman et al., 1998) . Recently, a core group of genes that control EPP in all examined tissues has been described (Mlodzik, 1999) . These genes are most likely components of a common signaling pathway responsible for interpreting a common set of polarity signals.
Drosophila nemo (nmo) was originally identi®ed as a tissue-speci®c factor required for the establishment of EPP in developing ommatidia (Choi and Benzer, 1994) . It was subsequently shown to act downstream of Fz signaling in the polarity pathway (Strutt et al., 1997) . Nemo is the founding member of a novel family of serine/threonine protein kinases most similar to MAPKs (Choi and Benzer, 1994) . Homologs have been identi®ed in humans (Dres16), mice (Nemo-like kinase, Nlk) and C. elegans (Lit-1) (Ban® et al., 1996; Brott et al., 1998; Meneghini et al., 1999; Rocheleau et al., 1999) .
Recent studies in C. elegans and vertebrates have uncovered functional roles for Nemo homologs in several Wntdependent processes Ishitani et al., 1999) . Biochemical evidence points to an involvement in canonical Wnt signaling. This Wnt pathway is activated when secreted Wnt ligand binds to a Frizzled-type cell surface receptor, which transduces the signal via the cytoplasmic Dsh protein (reviewed in Gumbiner, 1998; Cadigan and Nusse, 1997) . Vertebrate and Drosophila Wnt signaling acts to stabilize cytoplasmic b-catenin/ Armadillo (Arm), allowing it to translocate to the nucleus where it interacts with a member of the TCF/LEF family of transcription factors, and subsequently controls gene expression (van de Wetering et al., 1997) .
Homologs of Nemo have roles in regulating Wnt-dependent gene expression through their affects on b-catenin and TCF homologs. Nlk can phosphorylate TCF and inhibit DNA-binding of the b-catenin/TCF complex, thereby inhibiting Wnt signaling . In addition, worm LIT-1 can bind to and phosphorylate WRM-1, a bcatenin/Armadillo-like protein . This interaction leads to phosphorylation of POP-1, and its subsequent export from the nucleus. In C. elegans, interactions between lit-1 and two distinct Wnt signaling pathways, one regulating polarity and one regulating gene expression, have been described . In addition, vertebrate Nlk has also been shown to inhibit Arm/b-catenin function in vivo. Injection of Nlk into Xenopus embryos can suppress the axis duplication phenotype induced by microinjected Arm/b-catenin .
We identi®ed alleles of nmo in a screen for modi®ers of activated Notch (Verheyen et al., 1996) . In this study, we present evidence that Drosophila Nemo plays a role in EPP in the wing and abdomen suggesting it may have a more global role in polarity speci®cation. In addition, we ®nd that nmo is required during wing development for vein patterning, wing shape and morphology. Genetic interactions between nmo and mutations in Wg, Notch and Dpp signaling implicate nmo as an antagonist of Wg. nmo mutations also cause numerous pleiotropic effects during development and the gene appears to be essential during embryogenesis.
Results
We previously described a genetic second-site modi®er screen aimed at identifying genes that either participated in Notch signaling or modulated cross-talk between signal transduction pathways (Verheyen et al., 1996) . Mutations were recovered that could dominantly modify the rough eye phenotype caused by expression of activated Notch under expression of the sevenless promoter (Fortini et al., 1993) . The adirondack (adk) complementation group was found to modify the rough eye, and homozygous mutant adk¯ies displayed numerous phenotypes suggesting that cell fate determination was disrupted (Verheyen et al., 1996) . The molecular and phenotypic characterization of adk was initiated, in an effort to understand its possible role in Notch signaling. The adk mutation was mapped by meiotic recombination to cytogenetic interval 66 of the third chromosome and mapped to 66B1-2 using Df(3R)pbl NR . This map position corresponds to the location of the nmo gene (Choi and Benzer; Fig. 2A ). nmo is required for the correct rotation of photoreceptor clusters during eye development, and has been placed downstream of the frizzled pathway in the process of planar cell polarity (Strutt et al., 1997) . adk alleles failed to complement the nmo eye phenotype, and will be henceforth be referred to as nmo adk1 and nmo adk2 (corresponding to adk eN9 and adk sDU2 , respectively, as described in Verheyen et al. (1996) ). Since most of the nmo adk1 and nmo adk2 phenotypes are similar, they will collectively be referred to as nmo adk , except where noted. The eye phenotype seen in all nmo alleles is characterized by reduced overall eye size, a narrower eye and defects in the structural organization of the ommatidia (Choi and Benzer, Fig. 1 . adk mutations fail to complement the nmo eye phenotype and have multiple wing defects. Scanning electron micrographs of adult eyes from wildtype (A,C) and nmo adk2 /nmo P (B,D). nmo mutations result in a smaller eye in which the ommatidia are square instead of the normal hexagonal shape (Choi and Benzer, 1994) . The nmo adk alleles also exhibit several wing phenotypes including a broader, shorter wing than wildtype (E) and ectopic vein material near longitudinal veins II and V (F). PCV, posterior cross vein; LII-LV, longitudinal veins 2±5. 1994; Fig. 1B,D) . The normally hexagonal ommatidia are square and generally are¯anked by four interommatidial bristles, instead of the usual three bristles at alternating corners.
nemo mutations affect wing development nmo
adk alleles displayed several defects in the development of the adult wings that are more severe than those observed in the original nmo P allele. The wings are rounder and shorter than wildtype, contain extra vein material and are held away from the body at a 458 angle. nmo P¯i es also have smaller wings that are held out 15±308 from the body (Choi and Benzer, 1994) . The fully penetrant nmo adk extra vein phenotype is characterized by excess vein tissue originating from the posterior cross-vein (PCV) and extending distally between longitudinal (L) veins LIV and LV (Fig.  1F ). Additional vein material can also form parallel to LII and posterior to LV. Slight extra vein material near the PCV was also found in a small percentage of nmo P¯i es (data not shown).
Characterization of nmo adk alleles
The original nmo P allele has been described as a molecular null allele, since no transcript is detected in homozygous pupae (Choi and Benzer, 1994; Fig. 2B) . Genetically, the nmo P allele also behaves as a classic null allele since nmo P /Df(3R)pbl NR¯i es have the same phenotype as nmo P homozygotes. We sought to examine the nature of the nmo adk alleles, since they appear to be more severe alleles of the nmo locus. They display more severe eye and wing phenotypes, in addition to reduced viability and infertility. Northern blot hybridization used to detect nmo transcripts con®rms that nmo P is a transcript null allele (Fig. 2B) . Interestingly, the two EMS-induced nmo adk alleles display alterations in their transcript sizes, re¯ecting the production of truncated mRNAs (Fig. 2B) . The nmo gene produces numerous transcripts at different stages during development (one of which is shown in Fig. 2A) , and we were unable to determine whether any of the embryonically-expressed transcripts are affected in either nmo P or nmo adk homozygous alleles. We speculate that the truncated transcripts may lead to the production of dominant negative Nemo molecules that could interfere with the maternally loaded nmo and thus cause a more severe phenotype then that zygotic null allele.
nemo is required to inhibit wing veins
The extra vein phenotype seen in hypomorphic nmo adk alleles suggest that the gene product normally functions in the suppression of the vein fate. The patterning of wing veins has been well characterized and involves many genes at the various stages of speci®cation, re®nement and maintenance of vein fates. The roles of the EGF receptor and Notch pathways in these processes are well-characterized (Sturtevant and Bier, 1995) . One of the earliest markers for presumptive vein cells is the rhomboid gene (Fig. 3A) . rhomboid facilitates signaling via the EGF receptor and its P¯i es are molecular null alleles (Choi and Benzer, 1994) . Both nmo adk1 and nmo adk2 alleles exhibit alterations in the pattern of transcripts.
expression is negatively regulated by Notch (Sturtevant et al., 1993; de Celis et al., 1997) . To examine the development of the ectopic veins in nmo adk , pupal wings were dissected and the pattern of rhomboid mRNA expression was determined. In nmo adk pupal wings ectopic rhomboid expression is seen in the regions corresponding to where ectopic veins are found in adult wings (arrows in Fig. 2C ). These results suggest that nmo normally acts to inhibit rho expression.
The expression and localization of nmo mRNA was also examined in pupal wings, in order to characterize Nemo's role in vein development. nmo transcript is detected in the intervein regions of the wing blade and enriched in the cells juxtaposed to vein-forming cells (Fig. 3B) . Consistent with the results of the Northern blot, in nmo adk mutant wings nmo transcript is still detected although there are regions where the transcript is greatly reduced (arrows in Fig. 3D ). These regions correspond exactly to the sites of ectopic vein formation and ectopic rhomboid expression (compare Fig.  3C ,D with Fig. 1F ). These ®ndings support the model of a role for nmo in suppression of vein fate, with localized loss of nmo expression leading to formation of ectopic veins.
Expression of UAS-Nemo in a nmo adk background suppresses the extra veins seen emanating from the PCV, as well as those near LII and LV (Fig. 3E) . Furthermore, in a wildtype background, ectopic expression in intervein cells of UAS-Nemo using 32B-Gal4 and 69B-Gal4 causes loss of posterior cross-vein tissue (Fig. 3F ). These effects depended greatly on the Gal4 driver, suggesting that the precise timing of overexpression was critical to suppression of veins. Interestingly, in the anterior regions of the wing, overexpression of Nemo leads to ectopic vein formation (Fig. 3F ). Ectopic expression of nmo also results in a change in the overall shape of the wing blade. nmo adk mutant wings are much rounder and shorter than normal. In contrast, ectopic nmo causes the wing blade to elongate and become more narrow and pointed (Fig. 3F ).
nemo acts cooperatively upstream of Notch signaling in wing vein speci®cation
The Notch pathway is known to act during initiation and differentiation of wing veins to re®ne the adult vein pattern (Sturtevant and Bier, 1995) . Since nmo adk was identi®ed as a modi®er of Notch in the eye, the link between nmo and Notch signaling in the wing was investigated. Genetic interactions between nmo adk and mutations in several components of Notch pathway were characterized. Mutations in the ligand Delta (Dl/1) cause a mild vein thickening phenotype ( Fig. 4C ) which are synergistically enhanced by homozygosity for nmo adk (Fig. 4D ). Conversely, mutations in the negative regulator Hairless (H/1), which normally exhibit shortening of LV, suppressed the ectopic veins seen in nmo adk (Fig. 4E,F) . In addition to interactions in wing veins, H and nmo adk showed a synergistic interaction in the macrochaete bristles of the head and notum (Table 1) . ies display a characteristic dominant loss of macrochaetes (Fig. 4J,M) (Lindsley and Grell, 1968) . Homozgosity for nmo adk in a H/1 background led to a dramatic enhancement of the H/1 bristle loss phenotype (Fig. 4K,N) .
Since nmo adk mutations were enhanced by Dl, and were suppressed in the wing by H, we sought to examine whether nmo acted upstream of Notch. We asked if the nmo adk extra vein defect could be rescued through ectopic activation of Notch signaling. We ectopically expressed Delta and E(spl) mb with the 32B-Gal4 driver which is expressed in the wing blade. E(spl)mb is normally expressed in the cells¯anking the presumptive veins and acts to suppress rhomboid expression to the narrow band of vein progenitors (de Celis et al., 1997) . Ectopic expression of UAS-E(spl)mb led to mild vein thinning and a shortening of LV (Fig.  4G ). Both UAS-Delta and UAS-E(spl)mb could speci®cally suppress the extra veins associated with nmo adk mutations (Fig. 4H , data not shown). Thus, both ectopic activation of the Notch pathway and loss of a negative regulator as seen with H 1 /1 can lead to suppression of ectopic veins caused by nmo adk . These results suggest that Nemo is upstream of Notch and acts in a common vein regulatory pathway.
Vein phenotypes like those seen in nmo adk alleles are also seen in members of the`plexus group' of extra vein mutants, including net and plexus (px) (Fig. 5C,E; Diaz-Benjumea and Garcia-Bellido, 1990) . px 1 is a loss of function allele and does not represent a null allele, while net 1 is a null allele (Matakatsu et al., 1999; Brentrup et al., 2000 showed a very strong synergistic interaction and massive excess of vein tissue at the expense of intervein (Fig. 5D ). Such a phenotype is more severe than that seen with net px double mutants, and more closely resembles the interactions seen between Dl and px or net (Diaz-Benjumea and GarciaBellido, 1990). A milder, but similar synergistic interaction was seen in px 1 ; nmo adk¯i es (Fig. 5F ). The Dpp pathway is also know to have an essential role in wing vein speci®cation (Segal and Gelbart, 1985; de Celis, 1997) . We examined¯ies doubly mutant for nmo adk and dpp shv (a mild vein loss allele) and observed a synergistic enhancement of ectopic vein speci®cation, especially in the anterior of the wing blade near LII (Fig. 5H ).
nemo antagonizes the Wingless pathway during wing vein development
The murine Nemo homolog Nlk has been implicated in regulating Wnt signaling by repressing the Arm/b-Catenin-TCF complex . We wanted to examine whether such an interaction occurred in¯ies during wing vein formation. The extra vein phenotypes that we observe in nmo mutant wings are very similar to those that have been previously described as resulting from overexpression of Armadillo and both vertebrate b-catenin and plakoglobin in the wing (White et al. 1998; Greaves et al., 1999) . In addition, we have observed and White et al. (1998) describe ectopic veins as a result of ectopic wg and dsh expression (data not shown). Constitutively active Armadillo (UASArm s10 ) expressed using the 1348-Gal4 driver leads to the formation of moderate ectopic veins emanating from the PCV, in addition to more severe ectopic veins along LII (Fig. 6B) (Pai et al., 1997) . These are both regions of the wing that are sensitive to nmo mutations and where similar ectopic veins are observed in nmo adk (Fig. 6A) . The phenotypes seen with overexpression of wg and arm are consistent with the theory that Nemo is a negative regulator of Wingless signaling since loss of nemo mimics extra veins seen with overexpression of arm and wg.
It has been previously shown in Drosophila that overexpression of both wildtype mouse Lef-1 (a TCF homolog) . and a constitutive repressor form of dTCF result in dominant negative phenotypes (Riese et al., 1997) . The constitutive repressor form of dTCF (UAS-dTCFDN) is unable to bind Arm and represses wg-dependent gene expression (van de Wetering et al., 1997; Cavallo et al., 1998) . These ®nd-ings suggest that expression of wildtype dTCF (UASdTCFwt) somehow interferes with a wingless-targeted transcription factor in a dominant negative way (Riese et al., 1997) . Consistent with this, we ®nd that ectopic expression of UAS-dTCFwt using vestigial-Gal4 results in defects in the posterior wing margin (Fig. 6C) , a phenotype seen with loss of wg signaling. We found that ectopic expression of the UAS-dTCFDN using the 1348-Gal4 driver was lethal. However, homozygosity for nmo adk was able to rescue the lethality and the¯ies that emerged had reduced ectopic wing veins (Fig. 6D) . This ®nding can be interpreted by taking into account the dual roles TCF plays in the nucleus. In nmo adk mutants, the negative regulation of endogenous dTCF may be reduced, leading to more wg-dependent signaling and the induction of extra veins similar to those seen with constitutive Arm expression ( Fig. 6B ; White et al., 1998) . Expression of UAS-dTCFDN in the nmo adk background could interfere with the de-repressed endogenous dTCF and block the induction of extra veins seen in nmo adk .
nemo plays a role in planar polarity of wing hairs and abdominal bristles
Since the eye defect in nmo is caused by disrupted polarity of the ommatidial clusters, we wanted to examine if other planar polarity processes were disrupted in nmo adk . The polarity of the wing hairs was examined in nmo P , nmo adk1 and nmo adk2¯i es. Normally, each epithelial cell in the wing blade reorganizes its cytoskeleton and produces an actin spike at the distal vertex, which gives rise to the distallyoriented wing hairs seen in adults (Mlodzik, 1999) . nmo homozygous¯ies display mild defects in polarity. (E) Wildtype abdomen. (F) Ectopic expression of UAS-Nemo using 69B-Gal4 causes severe abdomen defects, including polarity defects in the macro-and microchaetes. ¯ies did not display any noticeable polarity defects in the wing (data not shown). A polarity defect was observed in nmo adk2 wings in those regions where ectopic veins are seen (Fig. 7C,D) . A milder, variable polarity defect was observed in nmo adk1 homozygotes (data not shown). Interestingly, we also observe polarity defects in¯ies overexpressing UASNemo using the 1348-Gal4 driver (data not shown). This ®nding is consistent with previous studies in which both overexpression and loss-of-function of fz led to polarity defects during eye and wing development (Gubb and Garcia-Bellido, 1982; Zheng et al., 1995; Strutt et al., 1997; Tomlinson et al., 1997; Krasnow and Adler, 1994) . These results have been interpreted to re¯ect a ®nely balanced signaling pathway that is easily disturbed by reduced or excessive expression of its components (Tomlinson et al., 1997) .
Expression of UAS-Nemo using the 69B-gal4 driver resulted in a number of abnormalities, among them severe patterning defects in the abdomen, including disrupted polarity of microchaete bristles in the tergites (Fig. 7F) . Since other EPP mutants also show abdominal phenotypes (reviewed in Shulman et al., 1998) , we would like to suggest that Nemo is a part of a conserved signaling mechanism that acts in the establishment of EPP. In addition to polarity disruptions, we observe reduced numbers of bristles and defects in the patterning of the tergites, most noticeable in the reduction of the pigment band width, with occasional loss of cuticular tissue.
nemo is expressed dynamically in embryos and appears to be essential
We speculated that Nemo may function at earlier stages of development since we have found that it interacts genetically with genes required for embryonic patterning, such as arm, dTCF and Dl and Choi and Benzer (1994) have shown that its transcript is expressed abundantly in embryos on Northern blots. We determined the embryonic cellular expression pattern of nmo to gain some insight into possible roles in embryonic development. High expression in cellular blastoderm embryos suggests nmo transcripts are maternally loaded (Fig. 8A) . Zygotic expression is seen in most cells, with enrichment during germ band expansion in a segmented pattern (Fig. 8B,C ; Liang and Biggin, 1998 ). An understained embryo of a later stage shows the segmented pattern and central nervous system staining (Fig. 8D) . nmo transcript is enriched in the cells bordering the tracheal pits (Fig. 8E) . In later stages nmo is enriched in the central nervous system and brain (Fig. 8F) . In an effort to determine what role Nemo may play in wg signaling in the embryo, we double stained embryos to compare nmo mRNA expression with pattern of Engrailed expression, which marks the posterior border of each segment ( Fig. 8G ; DiNardo et al., 1988) . We ®nd that nmo is expressed in the anterior cells of the segment. These nmo-expressing cells correspond to those that will secrete denticle belt rows 2±6 under the control of wg signaling. The overall pattern and dynamics of expression and ectopic expression phenotypes (see below) suggest the possibility that nmo acts as a wg regulator in early embryonic patterning.
The existing nmo alleles do not show embryonic phenotypes and we attribute this to the large maternal contribution that may obscure the true zygotic null phenotype. To investigate the potential role of nmo in the embryo, we carried out a dsRNA interference (RNAi) assay to deplete the embryo of nemo expression (Fire et al., 1998; Kennerdell and Carthew, 1998) . RNAi has been successfully used to mimic loss-of-function phenotypes of Wnt pathway components, including C. elegans lit-1 and Drosophila fz (Kennerdell and Carthew, 1998; Rocheleau et al., 1999) . Injection of nmo dsRNA into wildtype embryos reduced viability of the injected embryos to 5.9%, as compared to 40% viability in TE-injected controls. As a positive control for RNAi, dsRNA injections were performed to inhibit EGFR function. These resulted in viability of 6.5%, and gave typical EGFR loss of function mutant phenotypes (data not shown). Variable phenotypes were observed in nmo RNAi-induced dead embryos. Defects in the proper patterning of the denticle belts of the ventral epidermis were observed in 40% of dead embryos, and these included variable transformation of denticle rows to naked cuticle (Fig. 9B) . TE injected embryos did not exhibit such denticle belt defects (Fig.  9A ). This phenotype is opposite to that seen with loss of wg, but similar to that seen with overexpression of Fz or Fz2, or constitutive Armadillo (van de Wetering et al., 1997) . In addition, defects in head involution were seen in 14% of dead embryos and dorsal closure defects were observed in 6% of dead embryos (data not shown). Overexpression of two copies of UAS-Nemo with 69B-Gal4 also resulted in embryonic lethality with variable early phenotypes, including denticle belt defects, failure to produce cuticle and defects in dorsal closure (Fig. 9C , data not shown).
Discussion
Drosophila nmo was originally shown to play a role in planar polarity in the developing eye (Choi and Benzer, 1994) . nmo is required for the rotation of photoreceptor clusters in the ®nal stages of polarity establishment. It has been proposed that, in the eye, nmo functions as a tissuespeci®c factor downstream of the Fz pathway (Shulman et al., 1998) . The initial step in the establishment of polarity in each ommatidium is the differentiation of the R3/R4 photoreceptors. Recent studies have shown that Notch signaling acts downstream of Fz in this process (Cooper and Bray, 1999; Fanto and Mlodzik, 1999) . Fz signaling leads to expression of the Delta ligand in the R3 cell and through a negative feedback loop Notch signaling is restricted to the R4 cell. In this way, Fz signaling can exert control over Notch activity, by initially biasing the ligand production to one cell type (Strutt and Strutt, 1999) .
Through the analysis of additional alleles and ectopic expression studies, we have determined that nmo also plays a role in polarity of wing hairs and abdominal bristles. Alterations of signaling by Fz pathway components often leads to unexpected phenotypes, such as the ®nding that both loss-of-function mutations and overexpression of fz or dsh result in the similar phenotypes during eye development (Tomlinson et al., 1997) . Similarly, in the wing, overexpression of fz leads to a tissue polarity defect that is similar to the loss of function fz phenotype (Krasnow and Adler, 1994) . The ®nding that both loss of nmo and overexpression of UAS-Nemo cause polarity defects in the wing is consistent with other members of the EPP pathway. Our results and those of Choi and Benzer (1994) suggest that nmo plays a general role in establishing EPP. The regulation of nmo expression has been shown to be dependent of fz signaling, and it is possible that nmo mutants display aberrant polarity phenotypes as a result of losing some aspect of the downstream events triggered by fz signaling (Zheng et al., 1995) . However, we cannot exclude possibility that Nemo is causing polarity defects through an indirect effect on the regulation of cytoskeletal reorganization. It is also possible that Nemo's effect on polarity is more indirect and re¯ects the earlier role for Wg signaling upstream of EPP establishment (Wehrli and Tomlinson, 1998) The nature of the nmo adk phenotype is somewhat Fig. 9 . nmo plays a role in embryonic patterning. RNAi was carried out to deplete embryos of nmo transcript. Cuticle preparations from embryos injected with (A) TE and (B) nmo double stranded RNA. (B) Partial transformation of denticle belt to naked cuticle. (C) Ectopic expression of nmo (UAS-nmo; 69B-Gal4/1) also affects patterning of the larval cuticle as seen by defects in ventral denticle belts.
complex, given that it appears stronger than the published null allele, nmo P (Choi and Benzer, 1994) . We speculate that nmo P alleles display the zygotic null phenotype, but that the abundant maternally supplied Nemo permits development through to adult stages. nmo adk alleles appear more severe by several criteria such as their enhanced affect on wing veins, wing blade angle, fertility and viability. The presence of truncated mRNAs provides a possible mechanism. The mRNAs may encode truncated proteins that have a dominant negative effect on the maternal Nemo and may therefore interfere with development at an earlier stage. The elucidation of the phenotype of a maternal and zygotic null should clarify this issue. We predict that embryos both maternally and zygotically null for nmo would be embryonic lethal.
The phenotypes of the nmo adk alleles suggested that nmo functioned at multiple stages of development and we initiated studies into its role in wing patterning and morphogenesis. The role of Nemo in the wing seems quite complex and may re¯ect interactions between nmo and numerous signaling pathways. The role of nmo in wing vein development is reminiscent of the roles played by the other vein± inhibiting genes such as net and plexus. Both the expression pattern of nmo and the ectopic veins seen in the mutant support a role for nmo in promoting intervein cell fates. We ®nd that ectopic activation of Notch signaling can suppress the extra veins in nmo and mutations in Notch pathway components enhance the extra veins. Notch signaling is also required for vein differentiation, and genetic interactions suggest that nmo acts upstream of Notch and may participate in laying out the initial vein/intervein boundaries (Sturtevant and Bier, 1995) . The ectopic veins seen in nmo resemble those seen in other extra vein mutants, and seem to mark the boundaries of para-vein territories (Biehs et al., 1998) . Ancestors of Drosophila possess veins in these para-vein regions, but their formation has been suppressed in Drosophila.
We have observed a relationship between overall wing shape and wing vein patterning. nmo adk mutants have excess veins and a much rounder, shorter wing. Such a wing shape has been seen in other excess vein genotypes, such as UASArgos and extreme px alleles (Martin-Blanco et al., 1999; Diaz-Benjumea and Garcia-Bellido, 1990 ). Overexpressed Nemo results in a longer and more pointed wing shape, in addition to vein loss in the posterior compartment. Such a wing shape is also seen in mutants that reduce vein formation such as ve, in mutants in TGFb signaling such as dpp and gbb-60A, and in¯ies ectopically expressing dominant negative Raf (Sturtevant et al., 1993; de Celis, 1997; Khalsa et al., 1998; Martin-Blanco et al., 1999) . This correlation between excess vein and rounder wing shape and loss of veins accompanied by a narrower wing suggests a link between the genes controlling vein/intervein fates and those regulating overall wing morphology. In addition, it has been shown that mutations that have severe effects on vein formation such as double mutant combinations of extra vein mutants result in a larger wing blade (Diaz-Benjumea and Garcia-Bellido, 1990) . It is therefore interesting that the net 1 ; nmo adk2¯i es have much smaller wing blades (Fig. 6D ). This phenotype is most likely due to the vast expanse of vein tissue seen, which is known to have a smaller apical surface than intervein tissue (Garcia-Bellido and de Celis, 1992) .
The speci®cation of wing veins has been shown to involve a number of signal transduction cascades. Roles for EGFR, Notch and Dpp signaling are well established (de Celis, 1997) . More recently, a role for Wg signaling in this process has been suggested. The exact molecular nature of Wg signaling in wing vein speci®cation is unknown, but it is has been shown that ectopic signaling through Wingless and Armadillo result in the formation of ectopic veins (White et al. 1998; Greaves et al., 1999) . Dpp signaling also plays a role in specifying vein fates during pupal stages (de Celis, 1997) . This is in contrast to the known role for Notch signaling in inhibiting vein fates. A recent study ®nds that EGFR signaling is regulated developmentally, such that it stimulates veins early in wing development and later inhibits vein formation (Martin-Blanco et al., 1999) . The authors show that larval expression of dominant negative Ras signaling resulted in loss of veins but that pupal expression of the same construct resulted in ectopic veins. This ®nding is intriguing in light of the dual effects on vein speci®cation seen with ectopic expression of UAS-Nemo in the wing blade. Whether this effect is occurring as a direct consequence of Nemo on the EGFR pathway, through its control of rhomboid expression, or indirectly through the effect of Nemo on Notch or Wg signaling has yet to be determined. The behavior of nmo in the wing is consistent with its playing a positive role upstream of Notch signaling and acting as an antagonist of Wingless signaling, although we cannot rule out the possibility that nmo's affect on wg may be either positive and negative depending on developmental stages. It is possible that through repression of Wg signaling that Nemo facilitates Notch signaling. Both genetic and biochemical cross-regulation between Notch and Wg through the Dsh protein have been described (Axelrod et al., 1996) .
Wingless signaling has been linked both molecularly and genetically with the Notch, MAPK, Hedgehog, Dpp and Fz planar polarity signal transduction pathways. Such ®ndings have lead to the model that Wnt signaling functions as a network, rather than a linear pathway (Wodarz and Nusse, 1998; Peifer, 1999; Martinez-Arias et al., 1999; Bejsovec, 1999) . Such a network could integrate the cross-regulation occurring between numerous developmentally regulated pathways. The network of interactions must be carefully orchestrated, as shifting the levels of any one protein can tip the balance between developmental pathways. Maintaining the equilibrium between differentially activated pools of pathway components has been shown to regulate the function of both Arm and TCF proteins thus enabling them to assume multiple roles during development (Wodarz and Nusse, 1998; Martinez-Arias et al., 1999; Cavallo et al., 1998) . Since both proteins are also direct binding partners of the nematode Nemo homologue, our interpretation of the phenotypes induced by loss of nmo must be taken within such a context.
Much has been written about the relationships between signaling pathways during imaginal disc development and patterning. Only recently have we begun to gain insight into the cross-regulation that occurs during the differentiation of vein and intervein fates during pupal stages. It is clear that complex regulatory interactions occur between the EGFR and Dpp vein promoting pathways and that Notch also plays an inhibitory role in EGFR signaling (Yu et al., 1996; de Celis, 1997; de Celis et al., 1997; Martin-Blanco et al., 1999) . Our work and the studies of White et al. (98) add Wingless signaling to the equation. It is appears that Wg activity promotes veins and that nmo can antagonize this role. Interestingly, during embryogenesis EGFR and Wg signaling act antagonistically in the patterning of the denticle belts of the ventral epidermis, yet in pupal wings initially both act to promote vein fates (Szu Èts et al., 1997; Payre et al., 1999) .
Some insight into the upstream regulation of Nemo has come from studies in worms and mice that suggest the TGFb activated kinase (Tak-1) activates Nemo homologs in response to TGF-b signaling Ishitani et al., 1999; Shin et al., 1999) . Our ®nding that nmo and dpp (a Drosophila TGF-b) mutations interact synergistically supports a role for Dpp in regulating Nemo activity in Drosophila, possibly through Tak-1. In addition, the similarity in phenotypes between overexpressed Nemo and mutations in the TGFb-like gene gbb-60A support a model whereby nmo may be differentially regulated by multiple TGFb pathways (Khalsa et al., 1998; Wharton et al., 1999) . Interestingly, another target of Tak-1, p38b, has also been shown to be involved in Dpp signaling in Drosophila and play a role in wing vein speci®cation (AdachiYamada et al., 1999) .
We have thus observed defects in nmo and genetic interactions that suggest the gene plays a role in two Wntdependent processes in Drosophila: those controlling embryonic epidermal patterning and planar cell polarity. This is consistent with studies in C. elegans showing that the nmo homolog lit-1 displays a number of cell polarity defects, and acts in two separate Wnt signaling pathways . Nemo homologs have been found to act at an intersection of TGFb and Wnt signaling. Our studies suggest that Nemo interacts with other major developmentally pathways such as Notch and EGFR during eye and wing development. Current models of developmental patterning propose that signaling pathways are integrated at multiple levels and that this cross-talk is required for ®ne tuning of positional information. If our data are interpreted within this context, then we can speculate that Nemo may represent an important developmentally-regulated switch that allows precise spatial and temporal regulation of pattern formation.
Experimental procedures

Drosophila handling
Fly cultures and crosses were performed according to standard procedures at 258C. nmo P is a P element insertion allele of nemo described in Choi and Benzer (1994) . The 69B-Gal4 driver is expressed nearly ubiquitously throughout the wing blade of third instar imaginal discs, with a slight enrichment in the ventral region (Zhang and Carthew, 1998) . The 1348-Gal4 driver is an insertion in the blistered gene and is expressed in intervein cells during pupal development (de Celis, 1997) . The 32B-Gal4 driver is expressed in the wing blade and is described in Brand and Perrimon (1993) .
Expression constructs
The full length cDNAs (kindly provided by K.-W. Choi) corresponding to Nemo isoforms c5-1 and c4-2 were cloned into the EcoR1 site of the pUAST vector (Brand and Perrimon, 1993) . Germline transformed w 1118¯i es were generated by standard procedures.
Cuticle preparations
Embryos were collected and aged for 2 days. Unhatched embryos were then ®xed overnight in glycerol/acetic acid (1:4) then mounted in Hoyer's Mounting Medium and baked at 658 overnight.
RNA interference
dsRNA was generated using the Ambion Megascripte In Vitro Transcription kit. Primers were designed to span nucleotides 197±669 of nemo cDNA c5-1 (Choi and Benzer, 1994) , since this region is not highly conserved at the DNA level among other kinases. Injections were performed as described in Kennerdell and Carthew (1998) . As a negative control for the effect of injection on development, buffer alone was used as described in Kennerdell and Carthew (1998) .
Microscopy
Eye phenotypes were scored on a Wild dissecting microscope. For scanning electron microscopy, adult¯ies were dehydrated in increasing concentrations of ethanol (25, 50, 75, 95 , 2 £ 100%), mounted on EM stubs and allowed to air dry and sputter coated with gold. Scanning electron micro-graphs were obtained using an ISI-SS40 electron microscope.
In situ hybridization and antibody staining
Pupae grown at 258C were collected and ®xed in 4% formaldehyde in PBS 25±30 h after puparium formation (APF). After ®xation, pupal wings were dissected and in situ hybridizations were preformed according to Tautz and Pfeif¯e (1989) with several modi®cations described in Ursuliak et al. (1997) . Antisense riboprobes for rhomboid (cDNA kindly provided by E. Bier) and nemo were used, as well as sense control probes. Double staining of embryos for nemo mRNA and Engrailed protein were performed according to Kopczynski and Muskavitch (1992) ; Patel et al. (1987) as described in Auld et al. (1995) . The 4D9 anti-Engrailed antibody was obtained from the Developmental Studies Hybridoma Bank and used at a 1:3 dilution.
Mounted wings
Wings were dissected from adult¯ies, washed in 100% EtOH and mounted in Aquamount (BDH). To ensure that handling or mounting did not affect wing polarity phenotypes, all wings were handled only in the hinge region and both wildtype control and mutant wings were mounted under the same coverslip, with weights added to¯atten wing blades.
mRNA isolation and Northern blotting
Poly(A)
1 mRNA was isolated from 60 mid-pupal stage w
1118
, nmo P , nmo adk1 and nmo adk2 pupae using the Amersham-Pharmacia Quickprep Micro mRNA Puri®cation Kit. Homozygous pupae were selected from stocks balanced with TM6B, Tb. Poly(A) 1 mRNA was loaded on a 1% agarose, 2.2 M formaldehyde gel as described by Sambrook et al. (1989) . Capillary transfer performed overnight using 25 mM sodium phosphate buffer, pH 6.4 and transferred RNA UV-cross-linked to Hybond N nylon membrane (Amersham-Pharmacia). Northern blots were performed as described by Virca et al. (1990) . 32 P-labeled probe was prepared with the Amersham-Pharmacia Oligollabelling kit using a full length nmo cDNA c5-1 clone obtained from K.-W. Choi. The blot was subsequently stripped and reprobed with an rp49 probe to ensure equal loading (data not shown).
